Cornford AS, Barkan AL, Hinko A, Horowitz JF. Suppression in growth hormone during overeating ameliorates the increase in insulin resistance and cardiovascular disease risk. Am J Physiol Endocrinol Metab 303: E1264 -E1272, 2012. First published September 25, 2012; doi:10.1152/ajpendo.00320.2012.-Previously, we reported that overeating for only a few days markedly suppressed the secretion of growth hormone (GH). The purpose of the present study was to determine the role of this reduction in GH concentration on key metabolic adaptations that occur during 2 wk of overeating. Nine nonobese, healthy adults were admitted to the hospital for 2 wk, during which time they ate ϳ4,000 kcal/day (70 kcal·kg fat-free mass Ϫ1 ·day Ϫ1 ; 50% carbohydrate, 35% fat, and 15% protein), and their plasma GH concentration was allowed to decline naturally (control). An additional eight subjects underwent the same overeating intervention and received exogenous GH treatment (GHT) administered in four daily injections to mimic physiological GH secretion throughout the 2-wk overeating period. We measured plasma insulin and glucose concentrations in the fasting and postprandial state as well as fasting lipolytic rate, proteolytic rate, and fractional synthetic rate (FSR) using stable-isotope tracer methods. GHT prevented the fall in plasma GH concentration, maintaining plasma GH concentration at baseline levels (1.2 Ϯ 0.2 ng/ml), which increased fasting and postprandial assessments of insulin resistance (P Ͻ 0.05) and increased fasting lipidemia (all P Ͻ 0.05 vs. control). In addition, preventing the suppression in GH with overeating also blunted the increase in systemic proteolysis (P Ͻ 0.05 GHT vs. control). However, GHT did not alter lipolysis or FSR in response to overeating. In conclusion, our main findings suggest that the suppression in GH secretion that naturally occurs during the early stages of overeating may help attenuate the insulin resistance and hyperlipidemia that typically accompany overeating. obesity; lipolysis; proteolysis; muscle protein fractional synthetic rate; overfeeding WEIGHT GAIN CAN ONLY OCCUR when energy intake exceeds energy expenditure (i.e., positive energy balance), and even a relatively modest positive energy balance can result in an individual becoming overweight and obese over time. Although the metabolic complications of obesity have been well described (16, 18, 31) , far less is known about the dynamic metabolic adaptations that occur in response to overeating. Importantly, we reported previously that even just a few days of overeating profoundly suppressed plasma growth hormone (GH) concentration in nonobese adults (7). However, the metabolic consequences of this acute suppression in plasma GH concentration with overeating are not known.
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GH has been identified as an important regulator of several metabolic processes. For example, we (39) and others (4, 9) found that the normal pulsatile pattern of GH secretion augments lipolytic rate. Additionally, GH has been reported to impair insulin sensitivity through direct inhibition of insulin signaling (1) , as well as indirectly by increasing lipolysis (18) , which in turn can alter insulin action via increasing fatty acid infiltration into insulin-responsive tissues. GH may also contribute to hyperlipidemia via alterations in the activity of lipoprotein lipase (30, 34, 40) . GH has also garnered a great deal of attention for its role in regulating protein metabolism (10, 13, 48) , but the direct effect of GH on muscle protein synthesis is controversial (32) . Importantly, previous studies have found that overeating decreased insulin sensitivity (2, 41) , exacerbated plasma triacylglyceride concentration (25) , and altered protein metabolism (44) , and the suppression of GH with overeating may be an important contributor to many of these responses. Therefore, the primary aim of this study was to examine how the suppression of GH with overeating might influence key metabolic adaptations that occur during 2 wk of overeating. To address these goals, we measured meal tolerance, lipolytic rate, proteolytic rate, and the rate of muscle protein synthesis before and after 2 wk of overeating while preventing the fall in plasma GH concentration via administration of exogenous GH. Given the important role of GH in the regulation of these metabolic processes, we hypothesized that preventing the suppression in GH with overeating would further impair glucose tolerance and augment the hyperlipidemia normally found with overeating.
MATERIALS AND METHODS

Subjects
A total of 22 young, healthy men (n ϭ 18) and women (n ϭ 4) participated in a 2-wk overeating protocol (initial body mass index 23.5 Ϯ 0.3 kg/m 2 , age 24 Ϯ 1 yr). Seven of these subjects also participated in our previously published study (7) . Before the study, all subjects were weight stable, relatively sedentary (physical activity Յ2 h/wk), and not taking any medications. All procedures and protocols for this study were approved by the University of Michigan Institutional Review Board. Written, informed consent was obtained from all subjects before their participation in the study. This study was registered at ClinicalTrials.gov with the identifier no. NCT00355784.
General Study Design
We performed a battery of metabolic measurements in our subjects before overeating, at 3-4 days of overeating (ϳ4,000 kcal/day), and again after 2 wk of overeating ( Fig. 1 ; details of the diet and metabolic measurements are provided below). Our previous findings indicated that even just a few days of this same overeating protocol profoundly suppressed plasma GH secretion (7) . Therefore, to assess the metabolic consequences of this suppression of GH in the present study, we administered 4 daily injections of exogenous GH to a cohort of eight subjects during the 2-wk overeating intervention (details of GH administration are provided below). The objective of these multiple GH injections each day during the overeating intervention was to mimic physiological GH secretion patterns typically found under "normal" eating conditions (i.e., energy balance) and to effectively prevent the reduction in plasma GH that naturally occurs with overeating. The metabolic responses in this cohort of subjects receiving GH treatment (GHT) were compared with a cohort of nine subjects that did not receive GH, and therefore, plasma GH concentration was allowed to fall naturally (control). In addition, as a secondary aim of this study, we also explored the effects of high GH concentrations during overeating in a separate, smaller cohort of five subjects that received a relatively high daily dose of GH (high GHT). In summary, unless otherwise indicated, all data presented herein are mean Ϯ SE for n ϭ 9 control subjects, n ϭ 8 GHT subjects, and n ϭ 5 high-GHT subjects.
Experimental Protocol
Before the overeating intervention (i.e., baseline) all subjects were admitted to the Michigan Clinical Research Unit at the University of Michigan Hospital for a 2-day experiment (Fig. 1) . During the 1st day of this hospital visit they ate a weight-maintaining diet consisting of 39 kcal·kg fat-free mass (FFM) Ϫ1 ·day Ϫ1 (ϳ2,250 kcal/day; 50% carbohydrate, 35% fat, and 15% protein), and we collected blood samples every 20 min for 24 h to assess their 24-h plasma growth hormone and insulin profiles. In addition, at 0900 on this 1st day, we conducted a meal tolerance test (MTT), during which subjects ate 10 kcal/kg body wt (50% carbohydrate, 15% protein, and 35% fat), and we collected blood samples every 20 min for 2 h for assessment of postprandial plasma glucose and insulin concentrations. On the morning of the 2nd day of the trial, we performed our "metabolic study" after an overnight fast. During this metabolic study we performed a 6-h, primed, constant-rate infusion of [ 2 H3]leucine, which was used to calculate whole body proteolytic rate [leucine rate of appearance (Ra) in plasma] and skeletal muscle protein synthesis [fractional synthetic rate (FSR)]. At 0900 we started a primed, constant-rate infusion of [ 2 H5]glycerol for assessment of whole body lipolytic rate (glycerol Ra). Three arterialized blood samples were obtained at 1050, 1055, and 1100 for the determination of glycerol Ra and leucine Ra. Muscle biopsies were obtained from the vastus lateralis muscle at 0800 and 1300 to measure the incorporation of the infused [ 2 H3]leucine into skeletal muscle. Muscle biopsies were performed under local anesthesia using a Bergstrom biopsy needle. Muscle samples were immediately cleaned with sterile saline, dried, frozen in liquid nitrogen, and stored at Ϫ80°C until later analysis. Blood samples were also collected at the time of the muscle biopsies to determine the isotope enrichment of the precursor pool [␣-ketoisocaproate (␣-KIC)].
On a separate occasion (often ϳ1 wk after the baseline trial), subjects were admitted to the Clinical Research Unit for a 2-wk overeating intervention, and they remained as in-patients throughout the entire 2-wk period. During the 2-wk study, subjects ate 70 kcal·kg FFM Ϫ1 ·day Ϫ1 (ϳ4,000 kcal/day; 50% carbohydrate, 35% fat, and 15% protein). Each day, the subjects were provided three meals (at 0800, 1200, and 1900) and four snacks (at 1000, 1400, 1600, and 2200). Every morning of the 2-wk intervention we collected a blood sample after an overnight fast for measurements of plasma concentrations of insulin, glucose, nonesterified fatty acid (NEFA), and triacylglyceride, and we also measured plasma insulin-like growth factor I (IGF-I) in fasted plasma samples collected at baseline and at the end of the 2-wk overeating period. We reassessed 24-h plasma growth hormone and insulin profiles on days 3 and 4 and again at 2 wk of the overeating period. At 2 wk we also performed the same "metabolic study" as that performed during the baseline trial. Importantly, the meal provided for the MTT after 2 wk was exactly the same as that provided during the baseline trial (in terms of both energy content and macronutrients). Subjects were limited to 1,500 steps/day (as monitored by a pedometer). Body composition was measured using dual-energy X-ray absorptiometry during the baseline trial and at the end of the 2-wk overeating period.
GHT
Eight subjects (7 men and 1 woman) received exogenous GH (0.3 mg genotropin·m 2 ·day Ϫ1 ; diluted in a 5% dextrose solution) in four intravenous injections each day of the 2-wk overeating intervention. This dose of GH was selected on the basis of previous findings from Jaffe et al. (17) , who demonstrated that a daily dose of 0.5 mg·m 2 ·day Ϫ1 in hypopituitary patients elevated their mean daily plasma GH levels to ϳ2 ng/ml. Because our objective was to increase 24-h mean plasma GH concentration to the level we found in our previous study (ϳ1.2 ng/ml) (7), we used a dose 60% as great as that administered by Jaffe et al. (17) . In an attempt to mimic the pattern of endogenous GH secretion (in which GH is typically secreted in a few relatively small pulses during the day, with a large nocturnal GH pulse), one-half of the daily exogenous GH dose was divided equally into three daytime bolus infusions, each lasting 20 min (at 0700, 1100, and 1600), and the other half of the daily GH dose was injected over 60 min starting at 2300. As noted above, the metabolic responses to overeating in this cohort of subjects that received exogenous GHT to prevent the suppression in plasma GH concentration were compared with the responses in nine subjects (7 men and 2 women) in whom plasma GH concentration was allowed to decline naturally during overeating (control). Control subjects received daily infusions of 5% dextrose to match the vehicle infusion in GHT. Seven of these control subjects also participated in our previously published study (7) . The dose of GH administered to our GHT group was estimated/calculated to provide just enough GH to prevent the fall in plasma GH concentration with overeating (i.e., mimicking plasma GH profile found in nonovereating conditions). However, to better understand the physiological impact of the magnitude of GH exposure on these metabolic adaptations, a secondary aim of our study was to examine the effects of high plasma GH concentrations during overeating. To accomplish this goal, a separate, smaller cohort of five subjects (4 men and 1 woman) received a relatively high daily dose of GH (high GHT; 1 mg genotropin·m 2 ·day Ϫ1 ) administered in the same manner as described above for GHT. This higher dose of GH was chosen to match doses used in previous studies examining GH administration in obesity (11, 36 
Metabolic Study
Energy Balance ~2000 kcals/day Fig. 1 . Diagram of the basic study design for the baseline study and the 2-wk overeating period. After completing a 2-day "baseline" metabolic study, subjects were enrolled into either a "control" overeating group or a growth hormone (GH) treatment (GHT) group. All subjects ate 70 kcal·kg fat-free mass (FFM) Ϫ1 ·day Ϫ1 for 2 wk, and metabolic measurements were repeated after 3 days and after 2 wk of overeating. The only difference between the control and GHT groups was that subjects in the GHT groups received 4 daily intravenous injections of GH to prevent the suppression of GH that naturally occurs with overeating.
Analytical Procedures
Plasma concentrations of hormones and substrates. Plasma GH concentration was determined by chemiluminescent assay on a Siemens Immulite System (Diagnostic Products, Los Angeles, CA), which measures both 20K and 22K GH isoforms. Plasma IGF-I concentration was determined via ELISA kit (Diagnostic Systems Laboratories, Brea, CA), and plasma insulin concentration was determined by radioimmunoassay (Millipore, Billerica, MA). Plasma concentrations of glucose (glucose oxidase; Thermo Fisher Scientific, Waltham, MA), NEFA (HR Series NEFA; Wako Chemicals USA, Richmond, VA), and triacylglyceride reagent (Sigma Aldrich, St. Louis, MO) were all determined by colorimetric assay.
Tracer H5]glycerol, the deproteinized samples were derivatized in pyridine and acetic anhydride, as reported previously (39) . Glycerol TTR was determined using gas chromatography/mass spectrometry (GC-MS) with selectively monitored mass-to-charge ratios (m/z) of 145 and 148. For [ 2 H3]leucine TTR, the deproteinized plasma samples were derivatized in 1:1 acetonitrile-N-methyl-N-tert(butyldimethylsilyl)trifluoroacetamide as described previously (15) . Leucine TTR was determined using GC-MS with m/z of 202 and 203. For the plasma enrichment of the precursor pool ␣-KIC, 250 l of plasma was deproteinized in ice-cold acetonitrile and derivatized with methoxyamine HCl after samples were titrated to pH 10 with KOH and incubated at 60°C for 1 h. Samples were dried, and the methoxyamine derivative of ␣-KIC was extracted using acetonitrile. Samples were again derivatized in 1:1 acetonitrile-N-methyl-N-tert(butyldimethylsilyl)trifluoroacetamide. TTR of ␣-KIC was determined using GC-MS with m/z of 216 and 219.
Skeletal muscle leucine TTR. Leucine TTR in skeletal muscle was determined as described previously (15) . Briefly, ϳ20 mg of muscle tissue was homogenized in 1 ml of 3% trichloroacetic acid and centrifuged at 2,800 rfc for 20 min. The resulting pellet was washed in saline four times before incubation in 6 N HCl at 100°C for 24 h. Hydrolyzate was then dried under vacuum and derivatized in 1:1 acetonitrile-N-methyl-N-tert(butyldimethylsilyl)trifluoroacetamide. Muscle leucine TTR was determined using GC-MS with m/z of 202 and 203.
Skeletal muscle mTOR signaling. We measured the protein content of the S6 ribosomal protein and phosphorylated S6 (Ser 235/236 ), a downstream target of the mTOR TORC1 complex, using immunoblot analysis as described previously (21) . Briefly, 30 g of protein was separated on SDS-PAGE and transferred to nitrocellulose membrane. These membranes were incubated with anti-S6 ribosomal protein (no. 2,212; Cell Signaling Technology) and anti-phospho-S6 ribosomal protein (no. 2,211; Cell Signaling Technology). The blots were washed and developed via enhanced chemiluminescence (GE Healthcare) and quantified using AlphaEaseFC (AlphaInnotech, San Leandro, CA).
Calculations
Homeostatic model assessment of insulin resistance. Homeostatic model assessment of insulin resistance (HOMA-IR) was calculated by the equation HOMA-IR ϭ (fasting plasma insulin ϫ fasting plasma glucose)/k, where k represents a constant of 405 (24) .
Area under the curve. Area under the curve (AUC) for plasma glucose and insulin concentrations during the 2-h period after the test meal and 24-h insulin and GH AUCs were calculated using the trapezoidal rule.
Glycerol R a and leucine Ra. Glycerol Ra and leucine Ra were calculated by the steady-state Steele equation (37) . R a is equal to the rate of infusion of tracer divided by the average tracer/tracee ratio measured in the samples collected at steady state. ]␣KIC enrichment, and (t1 Ϫ t0) represents the time between muscle biopsies (5 h). Unfortunately, because of tissue sample limitations we were not able to calculate muscle protein FSR in three of our control subjects (we did acquire adequate muscle samples from all of subjects in the GHT and high-GHT groups). Therefore, the FSR data presented in RESULTS were for six control subjects, eight GHT subjects, and five high-GHT subjects.
Statistical Analysis
Two-way repeated-measures ANOVAs with one factor repeated were used to determine significant differences with respect to day and treatment group. Tukey's post hoc analysis was then used to determine significant differences, with the ␣-level set to 0.05. All statistical analyses were performed using SigmaPlot software for Windows version 11.0. All data are presented as means Ϯ SE.
RESULTS
Plasma Hormone and Substrate Concentrations
As we have reported previously (7), overeating suppressed 24-h plasma GH concentration by ϳ70% (P Ͻ 0.05). As designed, GHT prevented the reduction in systemic GH concentration during overeating ( Fig. 2A) . Also, as designed, the separate group of subjects who received the higher daily doses of GH throughout the overeating intervention (high GHT) had markedly elevated 24-h average plasma GH concentrations (0.4 Ϯ 0.1, 1.2 Ϯ 0.1, and 4.1 Ϯ 0.3 ng/ml at 2 wk for control, GHT, and high GHT, respectively, all P Ͻ 0.05). Because the major objective for this study was to examine how the suppression of GH that naturally occurs with overeating might underlie some of the key metabolic responses to overeating, our results (and figures) are focused primarily on the comparison between control vs. GHT. However, as a secondary comparison, we have also included data from the high GHT group for our main metabolic outcome measurements to give valuable insight into the impact that the magnitude of plasma GH exposure may have on these responses.
As expected, overeating elevated 24-h insulin concentration compared with baseline (Fig. 2B) , and this elevated AUC during overeating was clearly a reflection of the greater total amount of insulin secreted in response to the larger and more frequent meals. Preventing the fall in GH during overeating resulted in an even greater elevation in 24-h plasma insulin at 2 wk in GHT compared with control (P Ͻ 0.05; Fig. 2B ). During the MTT, the plasma glucose response to the meal was well maintained after 2 wk of overeating compared with baseline for both control and GHT (Fig. 3A) . In contrast, plasma insulin response during the 2-h MTT was elevated at 2 wk of overeating (Fig. 3B ). This increase in insulin AUC after the meal at 2 wk compared with baseline did not quite reach statistical significance in our control subjects (P ϭ 0.09). However, the insulin response to the same meal doubled after 2 wk of overeating in our GHT cohort (P Ͻ 0.001), and insulin AUC was significantly greater at 2 wk in GHT compared with control (P Ͻ 0.02; Fig. 3B ). Interestingly, insulin AUC in response to the MTT was similar in GHT and high GHT (248 Ϯ 57 and 202 Ϯ 37 U·ml Ϫ1 ·h Ϫ1 , respectively) despite nearly fourfold greater daily GH exposure during high GHT.
Fasting plasma insulin concentration was elevated above baseline levels by the 5th day of overeating (P Ͻ 0.05; Fig. 4A) , and preventing the fall in GH nearly doubled fasting plasma insulin concentrations in GHT compared with control (P Ͻ 0.05; Fig. 4A ). Despite the marked elevation in fasting plasma insulin concentration in GHT vs. control, fasting plasma glucose was identical between these two trials throughout the overeating period (Fig. 4B) . These fasting plasma glucose and insulin concentrations can be used to calculate HOMA-IR, which provides some additional evidence to suggest that insulin resistance was greater after 2 wk of overeating in GHT compared with control (HOMA-IR: 5.40 Ϯ 0.70 vs. 2.59 Ϯ 0.74, respectively, P Ͻ 0.05).
Unlike fasting plasma glucose concentration, which was reasonably well maintained throughout the overeating period, overeating suppressed fasting plasma NEFA concentration to low levels throughout the intervention in both groups (Fig. 4C) . Overeating did not significantly elevate fasting plasma triacylglyceride concentrations in control, but preventing the suppression of GH with overeating augmented fasting lipidemia (Fig. 4D) . Fasting plasma triacylglyceride concentrations during GHT were significantly greater than baseline levels by the 5th day of overeating as well as greater than control throughout much of the 2nd week of overeating (P Ͻ 0.05; Fig. 4D ). Plasma total IGF-I concentration remained relatively stable throughout the 2-wk overeating period in control (152 Ϯ 16 vs. 170 Ϯ 15 ng/ml, baseline vs. 2 wk, respectively, P ϭ 0.54), but GHT markedly increased plasma IGF-I concentration (139 Ϯ 13 vs. 324 Ϯ 28 ng/ml, baseline vs. 2 wk, respectively, P Ͻ 0.05). After 2 wk of overeating, we found no differences between subjects in the GHT group compared with those receiving the high GHT dose for plasma concentrations of insulin (22.4 Ϯ 7.1 vs. 24.7 Ϯ 5.2 U/ml), glucose (4.9 Ϯ 0.4 vs. 5.2 Ϯ 0.25 mM), NEFA (0.21 Ϯ 0.03 vs. 0.25 Ϯ 0.05 mM), triacylglyceride (2.3 Ϯ 0.48 vs. 2.1 Ϯ 0.2 mM), and total IGF-I (325 Ϯ 28 vs. 380 Ϯ 21 ng/ml) despite the nearly fourfold greater GH exposure in the high-GHT group.
Body Composition
Our 2-wk overeating intervention increased body weight by ϳ5%, and fat mass increased ϳ10% in both groups (both P Ͻ 0.05; Table 1 ). We observed a trend (P ϭ 0.1) for a greater weight gain when we prevented the reduction in GH with overeating (in our GHT group) compared with a relatively low A Fig. 3 . Plasma glucose AUC (A) and plasma insulin AUC (B) during the 2-h period immediately after the standardized test meal was ingested during the meal tolerance test (MTT) before overeating (baseline) and at 2 wk of overeating in subjects who did not receive any GH treatment (control) and subjects that received low doses of GH daily (GHT). The energy and macronutrient content of the MTT was identical before and during the overeating period. *Significantly greater than baseline within treatment, P Ͻ 0.05. †Significantly different from control at 2 wk, P Ͻ 0.05 (n ϭ 8 subjects in each group; 1 control subject did not complete the MTT at 2 wk). Twenty-four-hour area under the curve (AUC) for plasma GH concentration measured every 20 min for 24 h (A) and 24-h AUC plasma insulin concentration measured every 2 h for 24 h (B) before overeating, by day 3 of overeating, and by the end of the 2-wk overeating period in subjects who did not receive any GH treatment (control) and subjects who received low doses of GH daily (GHT). *Significantly different from baseline within treatment, P Ͻ 0.05. †Significantly different from control on the same day, P Ͻ 0.05. ‡Significantly greater than day 3, P Ͻ 0.05. (Table 1) . There was no difference in the amount of fat gained between the groups (Table 1) , so the trend for a difference in weight gain between control and GHT appeared to be due to a subtle, yet significant (P Ͻ 0.05) difference in gain of FFM (Table 1) . Subjects receiving the high GHT during the 2-wk overeating period increased their body weight by 3.1 Ϯ 0.7 kg and increased fat mass by 1.1 Ϯ 0.3 kg (both P Ͻ 0.05 vs. baseline), which was similar to the gains in body weight and fat mass in control and GHT. Also similar to GHT, the high-GHT group demonstrated a significant increase in FFM after 2 wk (2.3 Ϯ 0.6 kg, P Ͻ 0.05 vs. baseline).
GH concentration in control
Lipolytic Rate (Glycerol R a )
Fasting lipolysis was suppressed by the morning of the 4th day of overeating in both control and GHT (P Ͻ 0.05; Fig. 5A ). Plasma Insulin (µU/ml) However, by the end of the 2-wk overeating period, the absolute rate of lipolysis (mol/min) had returned to baseline levels in both groups (Fig. 5A) . Importantly, when expressed relative to fat mass, lipolytic rate was still suppressed by the end of the 2 wk (Fig. 5B) . Therefore, the apparent "rebound" in the absolute lipolytic rate observed by the end of the 2-wk intervention in Fig. 5A was likely not a consequence of an intrinsic increase in the rate of lipolysis per unit fat mass but rather due to a greater absolute lipolytic rate stemming simply from the greater fat mass accrued from overeating. There were no differences in glycerol R a between control and GHT. Similar to control and GHT, high GHT also demonstrated a suppressed absolute lipolytic rate on the morning of the 4th day of overeating and then rebounded by 2 wk of overeating (195 Ϯ 25, 169 Ϯ 22, and 192 Ϯ 17 mol/min at baseline, day 4, and 2 wk, respectively), and when expressed relative to fat mass, lipolytic rate remained suppressed at 2 wk (14.0 Ϯ 3.0 vs. 11.8 Ϯ 0.6 mol·kg fat mass
Control
).
Protein Metabolism
Whole body proteolytic rate (leucine R a ) in the overnightfasted state increased significantly with overeating in control (P Ͻ 0.05; Fig. 5C ). Interestingly, this increase in leucine R a with overeating was not observed when we prevented the reduction in systemic GH during overfeeding with GHT (P Ͻ 0.05 vs. control at 2 wk; Fig. 5C ). Similarly to our GHT group, high GHT also prevented the relatively large increase in proteolysis during overeating (leucine R a in the high GHT group: 1.6 Ϯ 0.1 vs. 1.9 Ϯ 0.1 mmol·kg FFM Ϫ1 ·min Ϫ1 at baseline and 2 wk, respectively). There was a trend for 2 wk of overeating to increase the rate of skeletal muscle protein synthesis after an overnight fast in both control (FSR: 0.043 Ϯ 0.009 to 0.063 Ϯ 0.015%/h) and GHT (FSR: 0.047 Ϯ 0.011 to 0.062 Ϯ 0.018%/h), but these changes did not quite reach statistical significance (main effect for overeating: P ϭ 0.09), which was likely a consequence of the relatively small sample size. Moreover, there was no difference in FSR between control, GHT, and high GHT. In support of our finding that GHT did not affect muscle protein synthesis, we also found the phosphorylation of the ribosomal protein S6 in skeletal muscle to be unaffected by overeating during control, GHT, or high GHT (P Ն 0.4; data not shown). S6 is a downstream target of mTOR complex 1 and a key component in the regulation of protein synthesis.
DISCUSSION
Our previous findings provided the first evidence demonstrating the profound reduction in GH secretion with overeating (7). Our objective here was to examine the metabolic consequences of this marked suppression in GH during overeating by preventing the overeating-induced reduction in plasma GH via administration of exogenous GH throughout the overeating period in a manner that would mimic normal endogenous GH secretion (in terms of both magnitude and pulsatility). Major findings from this study indicate that preventing the fall in plasma GH during overeating impaired meal tolerance (as noted by a greater insulin excursion in response to the test meal) and elevated fasting plasma triacylglyceride Values are means Ϯ SE; n ϭ 9 control and n ϭ 8 growth hormone treatment (GHT). *Significantly different from baseline, P Ͻ 0.05. †Significantly different from control, P Ͻ 0.05. ; B) in both control and GHT. C: proteolytic rate (leucine Ra) measured after an overnight fast before and after the 2-wk overeating intervention in both control and GHT. *Significantly different from baseline within treatment, P Ͻ 0.05. †Significantly different from control at 2 wk, P Ͻ 0.05. concentration. We also found that overeating increased whole body proteolytic rate in the overnight-fasted state. Importantly, the suppression in plasma GH with overeating may underlie this increase in protein hydrolysis because preventing the reduction in plasma GH concentration during overeating blunted this increase in systemic proteolysis. Overall, our major findings suggest that the natural suppression in GH that occurs with overeating may help mitigate the rise of risk factors for metabolic and cardiovascular disease associated with overeating.
It was not surprising that overeating impaired meal tolerance, but our novel finding that plasma insulin response to a test meal at 2 wk was 70% greater in GHT subjects compared with control suggests the overeating-induced suppression in GH may actually help attenuate the overeating-induced impairment in meal tolerance. GH administration has been clearly linked with the development of insulin resistance (1, 28) . However, because our GHT simply prevented the fall in plasma GH with overeating (rather than elevating GH to high levels), our novel findings indicate that the natural fall in GH secretion that occurs with overeating helps protect against impaired meal glucose tolerance. Our observation that the plasma insulin response to a test meal was similar in our GHT and high GHT groups suggests that, at least within the physiological range of plasma GH concentration, the magnitude of GH exposure may not be a key factor regulating insulin resistance. The link between GH and systemic insulin resistance has been attributed largely to effects of GH on the insulin-signaling pathway in liver and skeletal muscle. For example, GH-induced insulin resistance has been attributed to increased expression of suppressor of cytokine signaling-3 (28) and increased abundance of the regulatory subunit of phosphoinositol-3 kinase p85␣ (1) as well as increased phosphorylation and subsequent activation of c-Jun NH 2 -terminal kinase, a key inflammatory factor that can suppress insulin signaling (42) . Therefore, the natural suppression in GH during conditions of caloric excess may help protect against further development of insulin resistance by attenuating GH-induced signaling events that normally disrupt insulin action.
Overeating per se did not significantly elevate fasting plasma triacylglyceride concentration in our control group. Previous studies have reported elevated fasting lipidemia with overeating, but typically, these overfeeding protocols contained a very high proportion of dietary carbohydrate (Ն70% carbohydrate) (25, 26) , which is known to accelerate hepatic de novo lipogenesis and increase fasting plasma triacylglyceride concentrations (25) . The proportion of dietary carbohydrate to total energy intake in our study was 50%, which is relatively low compared with the high proportion of carbohydrate provided in these other studies (25, 26) . In contrast to our control group, fasting plasma triacylglyceride concentration increased twofold above baseline levels with overeating when we prevented the fall in GH (with GHT). Although GH administration has been shown to increase plasma triacylglyceride concentration (30, 47) , our study expands on these findings by demonstrating the reduction in GH that normally occurs when overeating attenuates hyperlipidemia, at least in the short term. The accumulation of plasma triacylglycerides in the overnightfasted state is largely a balance between triacylglyceride production and the hydrolysis of the triacylglyceride within the circulation by lipoprotein lipase. In the overnight-fasted state, triacylglycerides are almost exclusively packaged within hepatically derived very low-density lipoproteins (VLDL) (23) , and available evidence suggests that GH may either increase apolipoprotein B synthesis (6) or have a limited effect (19) on VLDL-triacylglyceride production. Conversely, GH has been reported to inhibit both adipose tissue and skeletal muscle lipoprotein lipase activity (30, 34, 40) . Therefore, the effect of GH on plasma triacylglyceride accumulation may be primarily through its effect on inhibiting plasma triacylglyceride hydrolysis, with perhaps some contribution from an increase in VLDL production, thereby increasing fasting plasma triacylglyceride concentration. Because hyperlipidemia is a major risk factor for the development of cardiovascular disease, this effect of the suppression in GH on plasma triglyceride concentration during overeating may have important clinical relevance.
Although prolonged overeating is often found to induce at least a modest increase in FFM (8, 12, 43) , the relatively small increase in FFM in our control group did not reach statistical significance likely because of the short duration of our intervention. In contrast, preventing the fall in GH throughout our brief, 2-wk overeating intervention did indeed induce a measurable increase in FFM. This finding is largely consistent with previous work reporting that exogenous GH administration for several weeks increased FFM in obese women (33) as well as in patients with growth hormone deficiency (38) . However, the daily GH doses in these previous studies (33, 38) were four-to fivefold greater than our GHT, and they were provided as a single GH bolus in the evening (rather than as more physiological pulses throughout the day as in our study). Therefore, the effect of GH on FFM may be largely independent of the magnitude of the GH dose. This notion is further supported by our finding that the increase in FFM was identical in our GHT and high GHT groups despite a three-to fourfold greater exposure to GH in the latter. We must acknowledge that GH treatment can increase water retention (27) , which could contribute to the measured increase in FFM. However, GH is known to increase FFM beyond its effects on hydration (10), yet the specific mechanisms underlying the effect of GH on FFM are not completely understood.
The accrual of FFM depends on the balance of proteolysis and protein synthesis. Our finding that GHT attenuated the proteolytic rate during overeating suggests that a GH-mediated reduction in the rate of protein breakdown may have contributed to the increase in FFM in this group. Putative mechanisms for the antiproteolytic effect of GH are not well described. GH may suppress proteolysis indirectly through the actions of the elevated plasma insulin and IGF-I concentrations (5, 14, 35) that we observed in the GHT group. Importantly, the increased FFM in our GHT groups was not a consequence of increased muscle protein synthesis. Despite the common misconception that GH administration induces a marked increase in muscle mass, many well-controlled studies have confirmed that GH does not augment skeletal muscle protein synthesis in humans (32, 45, 48) . Although there is some evidence suggesting that plasma IGF-I, which is secreted by the liver in response to GH, may increase muscle protein synthesis in animal studies (22) , we found no increase in skeletal muscle protein synthesis despite a threefold increase in plasma IGF-I concentration in our subjects, which supports previous findings in human subjects (48) . Therefore, in our study, a GH-mediated reduction in systemic proteolytic rate, rather than increased skeletal muscle protein synthesis, likely contributed to the increased FFM we observed when we prevented the suppression in GH with overeating. Alternatively, our data also imply that the normal suppression in GH with overeating may augment the rate of protein degradation, at least in the short term.
Although GH has been characterized as a lipolytic hormone (9, 39), our findings suggest that the suppression in GH with overeating did not alter whole body lipolytic rate. Because our overfed subjects were hyperinsulinemic, it is likely that the potent antilipolytic action of insulin (3, 29) countered any lipolytic effects of GH (20) . Along these lines, the suppression in lipolytic rate we found by the morning of the 4th day of overeating was accompanied by a twofold increase in fasting plasma insulin concentration. Interestingly, despite a persistent elevation in fasting insulin concentration by 2 wk of overeating, lipolysis returned to basal levels. This "rebound" in lipolytic rate by 2 wk of overeating may be due to the competing influences of hyperinsulinemia that suppresses lipolysis and the increased fat mass that augments total, whole body lipolytic rate (16) . In support of this hypothesis, when we expressed lipolytic rate relative to fat mass to effectively remove the influence of fat mass on lipolysis, lipolytic rate remained suppressed at 2 wk of overeating, which may largely reflect the antilipolytic effect of the hyperinsulinemia.
In summary, the suppression of plasma GH concentration that naturally occurs with overeating may influence insulin action, plasma triacylglyceride concentration, and whole body proteolytic rate. The fall in GH concentration that occurs with overeating may act to mitigate the development of insulin resistance and hyperlipidemia that can arise with overeating. Alternatively, the suppression in GH may suppress the accrual of FFM that can occur with overeating by accelerating proteolytic rate. Additionally, the GH fall during overeating did not influence lipolysis, reflecting the limited role of GH in mediating lipolytic rate during overeating and suggesting that the suppression of lipolysis may be tied to the elevated fasting insulin concentration. It is important to acknowledge that most of our metabolic measurements here were performed in the postabsorptive state, so future experiments are warranted to assess metabolic consequences to the overeating-induced suppression in GH in the postprandial condition. However, comparing postprandial metabolic responses during overeating vs. measurements made before overeating presents the considerable challenge of distinguishing the acute metabolic effects stemming simply from a larger meal vs. metabolic adaptations that accrue as a result of more prolonged overeating. Overall, the key findings from our study indicate that the suppression of GH secretion that normally occurs during the early stages of overeating may help attenuate the insulin resistance and hyperlipidemia that are typically found with overeating.
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